Hepatic stellate cells (HSCs) store retinoids and triacylglycerols in cytoplasmic lipid droplets. Two prominent features of HSC activation in liver fibrosis are loss of lipid droplets along with increase of α-smooth muscle actin (α-SMA), but the link between these responses and HSC activation remains elusive. In non-adipose cells, adipose differentiation-related protein (ADRP) coats lipid droplets and regulates their formation and lipolysis; however its function in HSCs is unknown. Here, we observed, in human liver sections or primary HSC culture, ADRP localization to lipid droplets of HSCs, and reduced staining coincident with loss of lipid droplets in liver fibrosis and in culture-activated HSCs, consistent with HSC activation. In the LX-2 human immortalized HSCs, with scant lipid droplets and features of activated HSCs, we found that the upregulation of ADRP mRNA by palmitate is potentiated by retinol, accompanied by increased ADRP protein, generation of retinyl palmitate and lipid droplet formation. ADRP induction also led to decreased expression of α-SMA mRNA and its protein, while ADRP knockdown with small interfering RNA (siRNA) normalized α-SMA expression. Furthermore, ADRP induction by retinol and palmitate resulted in decreased expression of collagen I and matrix metalloproteinase-2 mRNA, fibrogenic genes associated with activated HSCs, while increasing matrix metalloproteinase-1 mRNA; ADRP knockdown with siRNA reversed these changes. Tissue inhibitor of metalloproteinase-1 was not affected. Thus, ADRP upregulation mediated by retinol and palmitate promotes downregulation of HSC activation and is functionally linked to the expression of fibrogenic genes.
Introduction
Hepatic stellate cells (HSCs) are the primary cellular site of vitamin A (retinoids) storage in the body. In normal liver, HSCs are quiescent and are filled with cytoplasmic lipid droplets containing retinyl esters (especially retinyl palmitate) and triacylglycerols, accounting for more than 70% of their lipid content (Moriwaki et al., 1998) . Upon injury, HSCs are activated to myofibroblast-like cells with expanded rough endoplasmic reticulum that produce fibrotic scar tissue (Friedman, 2008; Mak et al., 1993) . HSC activation, in which the cell changes from a quiescent to a more fibrogenic phenotype, is characterized by the progressive loss of lipid droplets and retinoid content, along with an increase in α-smooth muscle acitn (α-SMA) expression. Despite this striking decrease in retinoid content, little is known about intracellular events underlying this response, and whether loss of lipid droplets is functionally linked to fibrogenic gene expression that is associated with cellular activation. A previous study from our laboratory demonstrated that Kupffer cell-conditioned medium and platelet-derived growth factor provoke retinol release from primary activated rat HSCs, but the intracellular mediators responsible for this effect were not uncovered (Friedman et al., 1993) . Moreover, treatment with retinol restores lipid content, suppresses collagen production and inhibits HSC proliferation (Davis and Vucic, 1988; Pinzani et al., 1992; Sato et al., 1995) , suggesting a role for retinol in the process of HSC activation.
Cytoplasmic lipid droplets are coated by lipid droplet-associated proteins (Londos et al., 1999; Wolins et al., 2006) , mostly members of the PAT domain family, whose founding members are perilipin, adipose differentiation related-protein (ADRP or adipophilin), and tail-interacting protein of 47 kDa (TIP47). ADRP is ubiquitous in non-adipose lipid dropletcontaining cells (Brasaemle et al., 1997; Heid et al., 1998) , and plays important roles in lipid droplet formation and stabilization, as well as lipolysis (Londos et al., 2005) . In the liver, ADRP is upregulated in association with drug-and diet-induced hepatic steatogenesis (Steiner et al., 1996; Motomura et al., 2006) . ADRP expression is a reliable and sensitive marker for lipid droplets in alcohol-induced fatty liver (Mak et al., 2008) . Reduced ADRP expression either in ADRP-deficient mice (Chang et al., 2006) , or in mice administered ADRP antisense oligonucleotides while on a high fat diet (Imai et al., 2007) , attenuates hepatic steatosis.
Despite these findings, little is known about the expression and function of ADRP in HSCs in liver injury and fibrosis. Recently, ADRP was identified in human HSCs by immunohistochemistry (Straub et al., 2008) . In preliminary studies (unpublished observation), we observed that in histologically normal liver, lipid droplet-rich HSCs stained strongly with an ADRP antibody, while in fibrotic liver, lipid droplet-poor HSCs showed reduced ADRP staining. These observations led us to question whether ADRP expression is related to lipid droplet formation, and whether this molecule is functionally linked to HSC activation in liver fibrogenesis. Therefore, our aims were to determine: 1) ADRP expression by HSCs in vivo and in culture; 2) ADRP behavior following lipid droplet formation induced by retinol and palmitic acid in cultured HSCs; and 3) the impact of ADRP on HSC activation and fibrogenic gene expression.
Material and Methods

Immunohistochemical staining for ADRP in human liver
De-identified formalin-fixed, paraffin-embedded liver sections (histologically normal or fibrotic liver) were obtained from the Pathology Department of Mount Sinai School of Medicine in accordance with IRB guidelines. Deparaffinized sections were immersed in antigen retrieval citra buffer, pH 6.0 (BioGenex, San Ramon, CA), and repeatedly microwaved 3 times, 5 min each. Endogenous peroxidases were inactivated with hydrogen peroxide. The slides were then incubated with mouse monoclonal ADRP antibody (Fitzgerald Industries Intl, Concord, MA) at a dilution of 1:500 overnight at 4°C. The immunoreaction was detected using peroxidase-labeled biotin-streptavidin and visualized by diaminobenzidine tetrahydrochloride using the Super SensitiveTM Link-Label ICH Detection System (BioGenex). Nuclei were counterstained with hematoxylin.
Cell cultures
The human LX-2 stellate cell line, which retains key features of activated HSCs , was cultured in Dulbecco's modified essential medium containing 1% fetal bovine serum and 1% penicillin and streptomycin. Human primary HSCs were isolated as previously described (Friedman et al., 1992) , and grown in primary culture or passaged using trypsin.
Retinol and palmitic acid treatment of HSC cultures
To evaluate the effects of retinol and palmitate on lipid droplet formation and ADRP expression, LX-2 cells and human HSC culture (passage 3) were incubated with either 5 μM retinol (Acros Organics, Leicestershire, UK), 100 μM palmitic acid (MP Biomedicals, Irvine, CA), or their combination. Retinol and palmitic acid were dissolved in ethanol, added to the media and then vigorously mixed . Analyses were performed 16, 24 and 48 hr after the start of incubation. In some experiments with the LX-2 line, cells were treated with the combination of retinol and palmitate for 24 hr, followed by replacement with fresh retinol and palmitate, and then incubated for an additional 24 hr.
Detection of lipid droplets and ADRP in HSC by light and fluorescence microscopy
LX-2 cells and primary or passaged HSCs on glass coverslips were fixed with 4% paraformaldehyde in PBS for 15 min. Cells were stained with Oil red O (0.5% in propylene glycol) revealing lipid droplets. Nuclei were counterstained with hematoxylin for light microscopic examination. Dual fluorescence was performed to demonstrate co-localization of lipid droplets and ADRP in HSC. Oil red O-stained cells were treated with 5% normal goat serum for 30 min and then incubated with mouse monoclonal ADRP antibody (Fitzgerald Industries Intl) at 1:50 dilution in PBS (containing 1% BSA) overnight at 4°C. This was followed by incubation with goat anti-mouse AlexaFluor 488 (Molecular Probes, Eugene, OR) at a dilution of 1:1000 for 30 min at room temperature. The coverslips were mounted using anti-fade DAPI mounting media (Molecular Probes). Cells were viewed with a Nikon Eclipse E600 fluorescence microscope (Nikon Instruments, Melville, NY) and photographed using a RT slider camera (Diagnostics, Sterling, MI) coupled to a SPOT Software v. 3.1 (Diagnostics).
RNA extraction and real-time polymerase chain reaction (PCR)
The abundance of mRNA for ADRP and fibrogenic genes was determined by real-time PCR. We tested collagen I, matrix metalloproteinase (MMP)-1, MMP-2, tissue inhibitor of metalloproteinase (TIMP)-1 and α-smooth muscle actin (α-SMA), which all are well known for their respective roles in liver fibrogenesis (vide infra). Cellular RNA was extracted using Qiagen mini-columns (Qiagen, Germantown, MD) with an on-column DNAase treatment. One μg RNA was reverse transcribed using RT complete-double pre-primed kit (Clontech, Mountain View, CA). FastStart SYBER Green Master (Roche, Indianapolis, IN) was used for PCR. Samples were analyzed in triplicate in an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Austin, TX) and normalized to GAPDH expression. The sequences of the primers used are listed in Table 1 .
ADRP small interfering RNA (siRNA) transfection
ADRP knockdown was performed by transfecting ADRP siRNA into LX-2 cells. Ninety percent confluent LX-2 cells were seeded onto 6-well plates. We used TransIT-LTI (Mirus, Madison, WI) as transfection reagent. GAPDH siRNA (Ambion Silencer Select, Ambion, Austin, TX) was used at a concentration of 5 nM as a positive control for transfection efficiency, according to the manufacturer's instruction, and 60% to 90% GAPDH knockdown was detected by real-time PCR after 6 to 48 hr of transfection. For ADRP knockdown, LX-2 cells were transfected with two ADRP siRNAs or negative control siRNA. These were obtained from Ambion: Silencer® Pre-designed siRNA-1 (ID# s1057) and siRNA-2 (ID# s1055). The concentration of siRNA was 5 nM. After 8 hr, retinol (5 μM) + palmitate (100 μM) were added to the culture medium and another dose of the combination was added 24 hr later. Cells were collected 48 hr after the transfection. A negative siRNA (Silencer Negative Control #1; Ambion) that does not target any endogenous transcript was also included to control for nonspecific effects on gene expression caused by siRNA transfection.
Western blot
Protein levels of ADRP and α-SMA in LX-2 cells were determined by Western blotting. Fifty μg of whole cell lysate was subjected to SDS-PAGE. Primary antibodies and their dilutions were mouse monoclonal ADRP (1:100; Fitzgerald Industries Intl) and mouse monoclonal α-SMA (1:2000 dilution; Sigma-Aldrich). The reactions were detected with HRP-conjugated secondary antibodies. Blots were developed using ECL detection system (Amersham Pharmacia Biotech, Buckinghamshire, UK). GAPDH or α-tubulin was used as equal protein loading control.
Quantification of retinyl palmitate in LX-2 cells by high pressure liquid chromatography (HPLC)
LX-2 cells were incubated with two different concentrations of retinol and palmitic acid (5 μM retinol + 100 μM palmitate, and 10 μM retinol + 300 μM palmitate) based on our previous study with LX-2 cells . Cells were treated with the combination of retinol and palmitate for 24 hr, followed by replacement with fresh retinol and palmitate, and then incubated for an additional 24 hr. Control cells were incubated with ethanol vehicle.
Following incubation, cells from triplicate cultures were scraped into 2 ml ice cold PBS and homogenized (Blaner et al., 1994) . The retinoids in the homogenate were extracted into hexane. The hexane was evaporated under N2. The residue was resuspended in benzene and analyzed on a 250 × 4.6-mm Intersil ODS-3 (5 μm) column (GL Sciences, Inc., Tokyo, Japan), using acetonitrile:methanol:dichloromethane (70:15:15 v/v) as the mobile phase at a flow rate of 1.8 ml/min. Retinyl palmitate was identified on the basis of the retention time, and the spectrum of the peak was monitored by UV absorbance at 325 nm with a Hitachi diode-array detector (Hitachi Corp., Tokyo, Japan). The level of retinyl palmitate was quantified from the integrated area under its peak using a standard curve constructed with known amounts of the authentic standard. In addition, cellular RNA was extracted from LX-2 incubated with 2 different concentrations of retinol and palmitate for PCR analysis to monitor the concurrent induction of ADRP mRNA by retinol and palmitate.
Cell viability/toxicity assay LX-2 cells were assayed for their viability/toxicity after treatment with palmitic acid alone or in combination with retinol by 3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay according as described (Hansen et al., 1989) Statistics Data are reported as means ± SEM. Statistical analyses include Student's t-test and one-way analysis of variance (ANOVA) followed by Newman-Keuls post hoc tests. A value of p < 0.05 was considered to be significant.
Results
ADRP immunostaining of HSCs in human liver and in culture
In histologically normal liver, HSCs in the lobular area expressed ADRP. ADRP staining was localized to the surface of lipid droplets which appear as unstained microvesicles due to lipid extraction during paraffin embedding (Fig. 1A) . In fibrotic liver, lipid droplet-poor HSCs in the perisinusoidal space, fibrotic scars and fibrotic septa were clearly labeled with ADRP (Fig. 1B, C, and D) . No ADRP staining was observed in sinusoidal endothelial cells, Kupffer cells or any cells in the portal tracts of normal and fibrotic livers. Lipid droplets of steatotic hepatocytes were positive for ADRP, as reported previously (Mak et al., 2008) .
Next, we examined ADRP expression in cultured human HSCs. Primary HSCs (day 2 in culture), which contained abundant lipid droplets, stained positively for ADRP and Oil red O ( Fig. 2A) . ADRP and lipid droplets were hardly visible in passage 3 HSCs (Fig. 2B) , reflecting loss of lipids in association with progressive HSC activation in culture.
Effects of retinol, palmitate or their combination on ADRP mRNA expression by cultured HSCs
We examined the impact of two main forms of lipid molecules associated with quiescent HSCs, namely retinoids and palmitate. Retinol alone had no effect on ADRP mRNA expression in LX-2 cells (Fig. 3A) . Palmitate alone significantly stimulated ADRP mRNA about three-fold after 16 hr and 24 hr of incubation. The combination of retinol and palmitate nearly doubled the increase produced by palmitate alone (p < 0.05 by ANOVA), demonstrating that retinol potentiates ADRP upregulation induced by palmitate. A similar trend of ADRP induction was observed at 48 hr, but the effect was smaller. The addition of palmitic acid to LX-2 cells, alone or together with retinol, for 24 hr or 48 hr had no cytotoxic effects, as determined by MTT assay. Thus, in subsequent experiments, we combined retinol and palmitate to maximally affect ADRP expression. The combination of retinol and palmitate also stimulated ADRP mRNA induction in primary human HSCs (Fig.  3B) , confirming that the effects in LX-2 were relevant to non-immortalized cells directly isolated from human liver. In contrast to ADRP, TIP47 levels did not change in LX-2 cells, and there was no detectable perilipin mRNA with or without retinol and palmitate addition (data not shown).
The combination of retinol and palmitate increases lipid droplet formation, ADRP protein and retinyl palmitate in LX-2 cells
LX-2 cells displayed an increased number of Oil red O-stained lipid droplets after incubation with retinol combined with palmitate ( Fig. 4A and B) . Using immunofluorescence microscopy, we observed enhanced ADRP staining in cells treated with retinol + palmitate ( Fig. 4C and D) . Dual fluorescence staining demonstrated ADRP and lipid droplet co-localization (Fig. 4E, F and G) . The enhancement of ADRP staining was corroborated by Western blotting, which revealed a 2.5-fold rise of ADRP protein, determined at 16, 24, and 48 hr after treatment (Fig. 5 ). These data demonstrate that ADRP upregulation after retinol and palmitate stimulates lipid droplet formation, leading to HSC quiescence.
Because lipid droplets of HSCs contain retinyl palmitate as the major storage form of retinol (Moriwaki et al., 1998) , we explored the question of whether LX-2 cells esterified retinol and palmitic acid to retinyl palmitate. HPLC analyses revealed formation of retinyl palmitate in LX-2 cells. The amount of retinyl palmitate formed increased nearly 4 times at higher concentrations of added retinol and palmitic acid (Table 2) . No retinyl palmitate was detected in untreated control LX-2 cells. We also found that the level of ADRP mRNA in cells incubated with 10 μM retinol + 300 μM palmitate was two-fold greater than in cells incubated with 5 μM retinol + 100 μM palmitate. Thus, retinol, together with palmitate, stimulates the production of retinyl palmitate coincident with the induction of ADRP gene in a concentration-dependent manner; addition of these compounds leads to the formation of lipid droplets in LX-2 cells (vide supra).
ADRP knockdown by siRNAs in LX-2 cells
ADRP expression was knocked down by siRNA-1 and -2 transfection in LX-2 cells incubated with retinol together with palmitate ( Fig. 6A and B) . Both siRNAs were equally effective in reducing the retinol + palmitate-mediated stimulation of ADRP mRNA and protein expression levels by 57% and 43%, respectively.
ADRP modulates α-SMA protein content in LX-2 cells
To substantiate that the ADRP induction mediated by combined retinol and palmitate promotes downregulation of LX-2 cell activation, we determined α-SMA protein content, a marker of HSC activation (Ding et al., 2005) . Figure 7 shows that retinol + palmitate diminished α-SMA by 40% in negative control siRNA-transfected cells. Knockdown of ADRP using ADRP siRNA-1 or -2 in cells incubated with retinol + palmitate normalized the α-SMA protein content. These data demonstrate that ADRP modulates α-SMA expression and that its inhibition promotes HSC activation.
Effects of retinol and palmitate on fibrogenic gene expression by LX-2 cells
Having shown that alterations of ADRP expression levels affect LX-2 cell activation, we assessed the effects of ADRP on fibrogenic genes. As summarized in Figure 8A , there was a progressive decrease of mRNA expression for α-SMA, collagen I, and MMP-2 from16 hr to 48 hr after the start of treatment. TIMP-1 mRNA was not affected, but MMP-1 mRNA did increase after retinol + palmitate treatment, peaking at 24 hr (Fig. 8B) .
ADRP downregulation opposes fibrogenic gene expression induced by retinol and palmitate
As shown in Figure 9A , while retinol combined with palmitate decreased mRNA expression of α-SMA (50%), collagen I (50%), and MMP-2 (25%) in control siRNA-transfected LX-2 cells, ADRP knockdown induced by siRNA transfection reversed these effects. Interestingly, TIMP-1 gene expression was not affected. On the other hand, ADRP siRNA-1 or -2 transfection nearly halved the increased MMP-1 mRNA after retinol + palmitate (Fig.  9B) . Together with the data in Figure 8 , the results support the notion that ADRP is functionally linked to fibrogenic gene expression.
Discussion
The morphological hallmark of HSCs is the appearance of microscopic cytoplasmic lipid droplets. These droplets are easily discernible using electron microscopy or 1 μm thick plastic sections by light microscopy, but the preparations are not routinely available in diagnostic histopathology. Hematoxylin and eosin stained paraffin sections generally used in histopathology are not suitable for the detection of HSCs, because the fats are extracted during tissue processing for paraffin embedment, appearing as unstained vesicles. Because ADRP immuno-reactivity is retained after formalin fixation and paraffin embedment, it can be detected with the ADRP antibody (Heid et al., 1998; Mak et al., 2008) . As demonstrated in the present study, using immunoperoxidase staining, ADRP clearly labels the surface of micro-vesicles (representing remnants of extracted lipid droplets) in lipid-rich HSCs, as well as lipid-poor HSCs in liver fibrosis. Furthermore, loss of lipid droplets by HSCs in liver fibrosis and during culture activation is accompanied by diminished ADRP immunostaining of HSCs. In HSC culture, ADRP co-localizes to lipid droplets by dual immunofluorescence, and enhanced ADRP immunostaining parallels increased ADRP mRNA and protein expression. Therefore, ADRP expression offers a sensitive histological marker for the detection of HSCs in the liver.
In the present study, we evaluated HSC activation in LX-2 cells using two key markers, namely lipid storage droplets and α-SMA: loss of lipid droplets along with increase of α-SMA protein content are associated with activation, while the converse connotes quiescence (Ding et al., 2005; Friedman 2008 ). The LX-2 human immortalized HSC line retains key features of activated HSCs with diminished lipid droplets and increased α-SMA, among others (Cao et al., 2004; Xu et al., 2005) . Here, we demonstrate that ADRP upregulation induced by the combination of retinol and palmitate, two main forms of lipid molecules associated with HSC quiescence, stimulates lipid droplet formation and concomitantly diminishes α-SMA protein content, thereby promoting LX-2 cell quiescence. We next assess whether ADRP expression is linked functionally to fibrogenic gene expression in association with HSC phenotype (vide infra).
LX-2 cells express collagen I, MMP-1, MMP-2, TIMP-1 and α-SMA (Cao et al., 2007; Xu et al., 2005) , which are responsive to a number of soluble signals, including leptin (Cao et al., 2004; . Additionally, collagen deposition in liver fibrosis is the outcome of an imbalance between the production of MMP-1 and its physiological inhibitor TIMP-1 (Arthur, 2000) . Among these genes, collagen I, MMP-2, TIMP-1 and α-SMA are upregulated during progressive liver fibrosis and in culture-induced activation, which mimics HSC activation in vivo (Friedman, 2008) . Therefore, expression of these transcripts is related to stellate cell activation. MMP-1 mRNA expression, which is reduced in liver fibrosis (Milani et al., 1994) , is enhanced in early primary HSC culture but then decreases in late culture (Iredale et al.,1996; Knittle et al., 1999) ; its expression reflects quiescent stellate cells. By either inducing ADRP with retinol and palmitate, or reducing it using siRNA, we evaluated ADRP's impact on expression levels of fibrogenic genes by LX-2 cells. We found that ADRP upregulation decreases expression levels of α-SMA, collagen I, and MMP-2 mRNA, while increasing that of MMP-1, in accordance with quiescent HSCs. Conversely, ADRP knockdown reverses these changes and thereby enhances activation of HSCs. As noted, TIMP-1 expression was not altered under these experimental conditions, suggesting its regulation may be independent of retinoid and palmitate contents and ADRP levels. Nonetheless, the present findings implicate a regulatory role for ADRP in expression of fibrogenic genes associated with HSC activation.
Retinyl palmitate is the major storage form of retinol in HSC and account for 37% of the lipid droplet composition (Moriwaki et al., 1998) . Prior studies showed that incubation with retinol plus palmitic acid led to the esterification of retinyl esters in LX-2 as well as in rat HSC-T6 lines (Vogel et al., 2000) , but ADRP expression was not studied. We now show that treatment of LX-2 cells with retinol together with palmitate stimulates lipid droplet formation through a process likely involving enhanced ADRP expression concurrent with increased retinyl palmitate generation. The ability of fatty acids to induce ADRP is well-documented (Bell et al., 2008; Gao et al., 2000) , but the involvement of retinol is not previously described. Unexpectedly, retinol alone does not affect ADRP expression, but its presence potentiates the induction of ADRP mediated by palmitate. The observed effects are not related to cytotoxicity of palmitic acid, because the amount added has no toxic effect toward LX-2 cells.
The lipid storage droplet is now recognized as a complex organelle that functions in lipid homeostasis. In non-adipose cells, ADRP is implicated in the regulation of lipolysis of lipid storage droplets. ADRP over-expression in human embryonic kidney 293 cells decreases the association of adipose triglyceride lipase (ATGL) at the lipid droplet surface (Listenberger et al., 2007) and, consequently, reduces triacylglycerol hydrolysis. Conversely, in murine hepatic AML12 cells, knocking down ADRP using siRNA resulted in a higher lipolytic rate accompanied by an increased association of ATGL at the lipid droplet surface (Bell et al., 2008) . ADRP has been proposed to regulate the access of lipases from the cytosol to the droplet surface. In HSCs, retinyl esters are catalyzed by lecithin:retinol acyltransferase (LRAT) (Fortuna et al., 2001; Matsuura et al., 1997) and retinol release by HSC is mediated by retinyl ester hydrolases (Friedman et al., 1993) . These enzymes are primarily localized to microsomes and cytosol (Matsuura et al., 1997) . It will be informative to assess whether ADRP modulates the activities of these enzymes and promotes their association with the lipid droplet surface in a manner analogous to that of ATGL and thereby plays a regulatory role of retinol and fatty acid contents of lipid storage droplets of HSCs.
In conclusion, ADRP is localized to lipid droplets of HSCs in vivo and in culture. Retinol potentiates ADRP upregulation induced by palmitate in LX-2 cells. The combination of retinol and palmitic acid promotes lipid droplet formation and retinyl palmitate production coincident with ADRP upregulation in HSCs. ADRP expression correlates with the state of HSC activation and is functionally linked to fibrogenic gene expression through an as-yet unknown mechanism. Nonetheless, these data provide a critical new link between retinoid and palmitate homeostasis and HSC activation, which could ultimately yield new approaches to manipulating HSC phenotype in vivo in hepatic fibrosis. 
